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CHIIICAL SP3EDS AHD IHOi'ILü DRAG OF THS INBOABD SSCTI03S 

CF A CONVEKTIOITAL PROPELLilB 

By Arvo A. Luoma 

SUMMABT 

Ifce soctlon critical spoodc and profile drags of tho 
shinfc ind hub -icctions of a, 10-foot 3-inch diamotor propollor 
(Pittsburgh Sere» and Bolt drawing no. 614 Co 15) used on 
a current llquid-cool&d-englne pursuit type of airplane were 
determined from tests made in tho 8—foot high—speed wind 
tunnol. 

.-.  full-scalo wooden propeller blade was made with 
the tvrist of the blade removed so that all sections oper- 
ated approximately from a common zero-lift position, and 
then wi mounted vsrtically in the wind tunnel, eteel end 
supports being used on both ends of the wooden blade to 
increase the strength and rigidity of the set-up. 

^ 

I 
1 I 

Section critic.il suoeds .roro obtainod 
nejatlvo pressure measurements.  Tho profll 
sections woro obtained by static— and total 
of the wakes of those sections and tho use 
modified to Include compressibility effects 
fclco coefficients n.ri determined for t-70 
from ccapleto prossure-dlstribution measure 

i 

Sorioua adverse compression! ty effect 
pected on the snack and hub sections at spa 
order of 400 mildB per hour with subsequent 
effects on propulsive efficiency. Suitable 
delay the formation of the compressibility 
sections are deairable. 

IH!TH03TJCTI0H 

from maximum 
o drags at five 
—prossuro survey« 
of Jonos' equations 
•  Soot'on normal- 
blade sections 
xonts. 

can DO ex- 
erts of the 
detrimental 
fairings to 
shock on these 

\ 

Until recently adverse compressibility effects on 
propeller drag wore given consideration only for tip sec- 
tions operating at high tip speeds.  Cylinder drag testa 
(reference 1) and other unpublished cylinder drag data 
indicate that at speeds of 325 miles per hour and higher 
the compressibility effects on the shank and hub sections 
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of conventional propellers assume sufficient importance 
to Justify efforts to inprovs thess? sections aerodynaml- 
cally. Increasing attention should be especially focused 
on the shank and has sections of propellers used on pur- 
suit end interceptor aircraft, particularly those having 
liquid-cooled engines and thin nose for.js because of the 
large amount of ths thick and nearly cylindrical sections 
cf the propeller that may be exposed. 

From data obtained in tests made in the propeller- 
research tunnel, v.'horc because of the low speeds (110 mph) 
compressibility effects on the shank end the hub sections 
can be neglected, improvement in propulsive efficiency of 
about 4 percent was obtained by the use of shank fairings 
on a conventional propeller»  -»t epeeds where compressi- 
bility effects are pronounced such Increases in propulsive 
efficiency can be expected to be more marked. 

The purpose of the present investigation was, pri- 
marily , to determine the critical speeds and the profile-* 
drag coefficients of the shank and hub sections of a pro- 
peller (Pittsburgh Screw and Bolt drawing no. 614 Cc 15) 
used on a current liquid-cooled-engine pursuit airplane» 

! 
i 

APPARATUS AND METHODS 

S 

• 

The tests were made in the 8-foot high-speed wind 
tunnel, which is a single-return, circular-section, 
clo3ed-throat tunnel having an air speed continuously con- 
trollable iron about 75 miles per hour to more than 500 
miles per hour. 

A full-scale model Of a propeller blade 
Screw and Bolt drawing no. 614 Cc 15) of modi 
V section as used on a current llould-cooled- 
suit type of airplane was used in the tests, 
was constructed of wood and included the stat 
hub (ls-inch station) to the 43-inch station. 
1.)  Station numbers are the distances In inc 
center line of the crankshaft to the airfoil 
thin sections beyond the 48-inch station were 
because the low strength of the - c.odo:. model 
special method fo- supporting the blade in th 

(Pittsburgh 
fled Clark 
engine pur- 
This model 

ions from the 
(See fig. 

hes from the 
section.  The 
not included 
required a 
e wind tunnel. 

* 

The tviet of the blade was removed so that the sec- 
tions operated approximately from a common zero-lift 
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position.  The nngloa of ncro lift for the various see- 
tloiu were calculator! by the method five's la the appendix 
of referauee 3 and c?iecieJ by Munk's rotäod for determin- 
ing rero-.Tift anple (reference P).  Table I gives the re- 
lationship between a the ansie of nttaclc. and aa the 
absolute r.ni.la  of  attr.ok (taasd on calsulated aero-lift 
po3i ; ioa). 

A totel of 53 etatie-prassure orifices ware located 
at five sections of the nyt'el, so that complete pressure- 
dittribution ineaeuroikPnts i-ers obtained at, the 16- und 
30-inch stations and pea': negative pressures .it the 12-, 
2i~,   and ;-6-inch stations.  The nodel was counted verti- 
cally in the 'rind tunnel (fig. 2) and steel end supports 
woro used to preveut exoeaslve defloctiou- of the wooden 
blade.  I'roviuion v/ae na>\o for changing the absolute an- 
gle of ittac't from -1° to IS0. 

Stfttic-pvesau-o EeiaureaoEta veTO made at velocities 
fron 140 mile.' per hour to 330 Filer, par hour ar.d the ab- 
solute an^le of a-c'jrtcfc was varied from -1° to 12°.  Simul- 
taneous observations of *>lxe  pressures acting at the ori- 
fices wore obtnineu by o!ioto^rarhi'iß a uultiple-tubc manom- 
eter in whie1! tetvnl'roaocthano {specific gravity approaci—_ 
:•:• t-iely 3)   was used. 

iP'ie profile drags at five sections were obtained by 
the motieutu.ii riethod and the use of Jonen1 equations (ref- 
erence 4) modified to include compressibility effects. 
Several angles of attac): were included and velocities from 
140 miles per hour to 360 miles par hour were covered. 
Siuu'J.taneou'J observations of the total-head and static 
pressure distribution behind the propeller sections were 
ap.rle b„ photographing a multiple-tube integrating manometer 
in which alcchol was u»ed, 

  

FSI0X8XOI 

The critical speeds of tho propeller sections were 
deterniced from static prjsaure Eicaijurements, and it is 
estimated that the critical *'auh numbers are accurate to 
vitain ±0.03. 

She accuracy of the profile Arsgt for the 24-inch 
station ( ).:<i\  thickness rntio) und the thinner sections 
can be considered equal to that usually obtained by the 

k\ 
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Tfloaentun rethod.  ?or the 12-inch station (0.977 thickness 
ratio) find the 13-inch station (0.481 thickness ratio) the 
porslbla error in drag ia prouably greater because the 
oluff&esa and the turbulent nature of the flow in the wake 
of these sections undoubtedl;'' have some effect on the re- 
sults. 

In the derivation of Jones' equations for drag deter- 
mination fcy the momentum method, the flow of air behind a 
body is assumed to he negligibly Inclined to its original 
direction, but, if the body is bluff and the total- and 
static-pressure tubes are locp.ted close  behind the body, 
a source of error nay be introduced since in this case the 
assumption of n3gligible inclination of the flow at the 
:ieasuri»g place may no longer be v^lid.  Cn the other 
hand, with a "nod"' of varying thickness ratio like the pro- 
peller blade testet", there is probably sufficient mixing 
and cross flow of the air behind the blade to defeat ef- 
forts to ff»a'-irs the profile drag of a particular section 
by locating the pressure tubes any great distance aft of 
this section.  In view of these factsi the total- and 
I tatic-presrure rurveys were male at distances behind the 
trailing edges Of the sections as follows:  1.6 chord 
lengths behind the 12-inch station, 0.9 chord length be- 
hind the 13-lnch station, 1.5 chord lengths behind the 
24-inch station, end 1.3 chord lengths behind the 30-inch 
and SS-inch stations. 

3ystei.ip.tia orrors due to buoyancy and constriction 
effects were negligible. 

RESULTS A3P 2ISOUSSIOS 

lows-' 
li.e 3ycbole used In this report are defined as fcl- 

a    angle of att&ck 

"r  angle of attack, absolute (measured from calcu- 
lated zero-lift position) 

cd   section profile-dreg coefficient 
o 

ca     sectlor nori-ial-fore« coefficient 

c   section lift coofficiont 

V   velocity 

V 

fl 

u 
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p static pressure 

p mass density 

a speod of sound 

q dynaisio preBSUi-o  (l/2 Po^o8) 

P pressure coefficient 

It Mach xuafc-jr  (V0/a) 

h aaxlmum thicknoea of airfoil suction 

o chord Of lection 

jx coofficlont of viscosity 

a P0»o , 

0» 

0*9 R Reynolds nunbor 

z dlst".nco along chord from leading edge 

r  radial distance fron axis 3f rotation of propollor 
to a blade soction 

H  radial distance from axis of rotation of propeller 
to tip of propeller 

n  revolutions per unit tlno of propeller 
v
r roaultant voloolty of propeller blade soction 

Subscripts: 

0 valuoe In the undisturbed ntri-ia 

or valuers when the local speed of sound has been 
reached at aonso point on the airfoil section 

The critical Mach numbers of the shank and hub sections 
were determined from the intersection of tho curves of P 
against  k and the  Per  eurve, as shown In figures 3  

m** 
to 7.  '.There tests woro limitod because of high loads, 
tho curves of *m*x    aga^M*  II were ortrapolatod through 
higher Lach nuabor ranges.  Tho extrapolations are bolloved 
accurate except possibly at high lift coefficients where 
sopp.ration offsets nay be encountered?  Tho conBoquent 
orrors In determining  Ba*i  however, tend to be snail 
bocauso tho variation of tho  F cr curve in this tfnch 

% 

I 

i\ 
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r range Is such that a given change In  F produces a 
(Mote  Pc„  curve in 

a (6a) and (6b) of refer- 
od and oyporiraontal values 
caor.t between thoory and 

3 to 7, Sea also oovation 
o. ) Table II givci cstimnt 
or and shove tho *-ood agro 
iaont. rhe estimated valuo 
croasing computed mr.xiauni n 
ccorapros" Ibl.j f J o J or oxpor 
lvo proscuro eoofficionta a 
— Ms.  (See oqwation (7) of 

of 3Jor wore obtained 
ngativo pressure coefficient« 
imcntally determined marinum 
t low spood by tho factor 

reforonco b. ) 

Tho   dat'«.  of  figurm   3   to   7   illuatrito   the  variation 
with Mach nuuber,   and   it   is   noon  tii^.t   the variation 

nunbo 
re 1st 
f i«?s. 
enco 
of ti 
oxpor 
by in 
for i 
nngnt 
i//T 

of 
at low VP.IUPS of  Pras,jc  *s ragular though somewhat gn&tor 
thar. thoory lndlcatos.  Figures 4 to 7 reveal tho fact 
that at high valu«a of  ?aat  thoro is a tindeney for F

m&x 
to  ineroase it lo- Mach r.uno'ors.  The probible roaeon for 
thia is that the adverse prossurj graiiont over the uopor 
surfaco of ••. soction beconms suf'flclontly bad, owing to 
inducod compressibility offuets ao that separation occurs 
on this surface.  Aa a consequence, thorc i • a drop in ooak 
negative pressures aa tho Mach nuaibor is increased from 
it" lowest valuo to somowhat bighor values corrospording 
to tho novoment of tho separation point to its farthest 
forward position.  The. erratic bohavior of »ho pressure 
peaks of tho 97.7-rorcönt-thick 13-inch station as illus- 
trntid in figure 3 can probably bo expl*ilnod partly by the 
foregoing reasoning arid partly by tho f&et that the section 
was operating near tho critical Hoynoldr nuubor. 

Figuro 3 give? o^p.-.rican tal and thooratleal pressure 
distributions at sovoral lift coefficients for tho 
lb.3-pcir^ont—thick 30-inch station.  The clnsonesa of tho 
agrceaont is lndicr.tiv-j of the a-curacy with which  M_ 
MS b<» theoretically c-alculatod. 

cr 

The variation of  Mcr  with radius and thickr-o^s ratio 
is shown in flguros 9 and 10, tiio variation with h'b boing 
particularly roll brought out.  The curves illustrato tho 
fact that tiio  M„p  of the nearly cylindrical hub section 
I» independent of angle of attack and that the critical 
speeds of the ssctions become more dependent on angla of 
attack ap tho thickness ratio decreases.  The curves also 
show that at soro lift coefficient and at low lift coef- 
ficients shock occurs first on t.o loTer aurf»ce of SODG of 
the sections before it occurs on the upper aurfveo. 

•!'   ' 

l; 
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Curves of Iier against ota  for tho 10-pereent-think 
section are shown in figuro 11, tho data for thoso curves 
being taken from tho curves of figuro 10,  Tor comparison 
purposes ilcr    values for a 10-poreont-thick Clark Y section 
as determined froai section force tost data (reference 6) 
aro included, as «roll as theoretical values for 10-porccnt- 
thlcfc llark Y and Clark YM eactlons (data from rot arena •>  5). 
As cm ho soon, the kar    values for the propuller section 
are uniformly romowhat lower then the roforeneo values for 
those angles of attack where coaprosslbllity shock first 
appears on tho uppor surface of the section,  The main 
significance oi figure 11, howover, is that, with this typo 
of section, attempts to relieve tip crltlcal-sncod diffi- 
culties by docroasing tho  Cj  of tho tip sections (wash- 
out of tip) arc limited By tno establishment of lower 
surface shock for lift coefficients Ions than approxi- 
mately 0,3, 

Curves of relative -rind velocity  Tr against radius 
ratio  r/lt arc.Bho<7n in figure 13 for assumed airplane 
speeds of 400 miles per hour for marimurn speed and 785 miles 
por hour for cruising speed.  A constant-speed propeller 
of 1600 rpm was usott in tho calculation of the dat? for 
those curves.  Also Included are tho experimentally 
determined critical speeds of the propeller sections for 
da = 4° and cca = 2° for sea-lovol conditions,  Tho section 
lift coofflcionts of tho 12-, 18-, and 30-lnch stations 
ere indicated on tho-o critical—speed curves.  On the curve 
at a* -  2° for r/R values outboard of 0.46, shock occurs 
first on tho lowor surface.  The additional curvnB sho-vn 
am theoretical critical-speed curves for sea—lovol 
eoniitlonr., and were determined:  (1) from theoretical 
prossuro distributions mado for four soctlons of the pro— 
pollor at lift coefficients of 0,4 and 0.2, and (2) from 
thü data of roferenec b  for a Clark Y section "hich nad 
tho same thickness ratio as tho propeller sections xcr equal 
valuos of  r/H.  Troa figurs 12 it is evident that for the 
assumed maximum spaed at sea-lovol conditions pronounced 
compressibility effects should bo expected.  At altitudo 
these adverse effoots are worse, that is, tho critical speeds 
of the sections aro lowor.  It is not to bo inferred, ho-»cvor, 
that too general problem is as serious as indicated here. 
This particular airplrno-engine-propeller combination as 
originally built sufforod catorl&lly becau»e of Improper 
gear ratio.  Provision of a lower ipaed gear can help 
materially and studies have indicated that clearance from 
adverse eonprosaibility effects may be possiblo at rpoods 
approaching 400 miles per hour.  Boyond this speed catorlal 
lncroaBas in solidity «ill likely be requlrod. 

< 
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The shank fairings used in the propeller-research-tuniel tests, 
whioh resulted in an iroreaso of propulsive efficiency of h percent 
at low speed, »rare of ^O-peroent thickr.ess ratio at the  12-inoh 
station,    A 25-oerotnt thick fairing section at the  12-inoh station 
could be expected to account for even greater increases in propulsive 
officienoy,  particularly at higher speeds. 

Seotion norms 1-f or oe coefficients determined from complete 
prassure-distribution datu for the 18-inch station (3.U51  thiokness 
ratio) and the *C-inch statior  (0.153 thickness ratio) are illustratod 
by figures 13 and Ui.    The variation of the slope of the    on    ourve 
of the IB-inoh station with Mach aumbar is entirely unlike the 
theoretical variation whereby the slope increases with Wach number 
for speeds up to the critical speed.    Owing to tho thiokness of this 
section, marked Eonaratiou effects aro induoed as    If    is increased, 
affecting thereby the forces acting on the seotion.    In figure  II4. the 
data for the JO-inch station indicato some  increase in slcne with 
Mach number.    T!ie    on    values for the lowest Mach number are  somewhat 
erratic, as are also the values at    au s 10°    and    aa 

s 12°.    From 
an examination of the pressure-distribution plots,  the high    en 

value for    aa 
z 0°   and    I' - 0.365    is seen to be due to the influence 

of the pressures on the lewpr surface of this section.    These 
pressures arc  sufficiently more- positive at th«  lowest Mach number to 
counterbalance the incliu&tion of    on    to increase,  owing to induoed 
compressibility effects at higher S-'acr numbrrs.    At high angles there 
is a t, ni.riy for the pressures on the upper surface aft of the 
0c65 chord station to beoome more nseutive at low Yach numbers,   so 
that as a consequence the    cn   values tond to be higher at low 
l'ach numbers. 

The profile drag of the  shank and hub seotions was determined 
from total- and static-nressure surveys of the wakes of the  sections, 
due account being taken of compressibility effects in the computing 
equations used«    Figures  15 and 16 give the profile drag of the 
97-.7-peraent thiok 12-inch station.    For comparison,  the drag of a 
lr-inoh diameter cylinder as obtained from unpublished tests made 
in the 8-foot high-speed tunnel is inoluded.    From figures 15 and 16 
and the pressure curves of figure 3,  it is evident that the  12-iuch 
station seotion was operating near the eritioal Reynolds number 
region whero the  flow,  as a result of the building up of turbulenoe 
in the boundary layer,  changes from laminar  separation ahead of the 
central plane to turbulent separation aft of -ehe central plane.    This 
change in flow har an anproolable effeot on the pressure distribution 
about the seotion (particularly the maximum negative pressures and 
the pressures oft of the position of the maximum negative pressures) 
and the profile drag of the  seotion. 

M 

l; 
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A probrbla explanation for the 'behavior of the pro- 
file drag of the 45.1-percent thick 18-inch station shown 
in figure 1? for several angles of attacl: is as follows; 
At the lowest Reynolds number (630,000) the flow was lam- 
inar with laminar separation somewhere aft of the maximum 
thickness; with increasing Reynolds number the point of 
separatton moved forward with a resulting increase in 
wake width and hence a larger drag; and, with further in- 
crease in Reynolds number, transition from laminar bound- 
ary lsyer to turbulent boundary layer took place ahead of 
the separation polat., with a resulting turbulent separa- 
tion iarther aft on the chord than when the separation 
van   laminar, and as a consequence a smaller wake width and 
a decrease in drag resulted.  Hence, with increase in 
Reynolds number, the initial increase in drag and then the 
dacreaee occurs. 

ligure 10 gives the profile drag of the 24.1-percent 
thick 34-inch station for several angles of attack.  At 
aa =• 0°  separation effects similar to those obtained for 
the thicker 13-inch station appear.  In this instance the 
disturbances ere protablj connected with the lower surface 
only.  At hlfb angles of attack tho marked rise in drag is 
probably due to separation effects Induced by compressibil- 
ity. 

The profile drags of the 30-inch and 36-inch stations 
are sh^m in figures 19 and 20 for several different angles 
of attack.  She general similarity to section data is to 
be noted, and the order of magnitude is about the same as 
section data for these Reynolds numbers. 

1 

OOIOLÜSIOM 

-!".<• results indicate that serious adverse compressi« 
bility effects can be expected at speeds of the order of 
400 miles par hour. 

It is evident that suitsble fairings for the shank 
and hub sections are a necessity fcr maximum propulsive 
efficiency. 

( 

J 
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Good agreement In critical epesd 1) etwe en bp.eic RBC- 
tlon data and the values obtained from the sections as 
used in a propeller can De expected for the inboard sta- 
tions. 

1 
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TÄBLJS   I.-  TEE AKGI3  CJ  »OTAOX    o    0?  THE  TiSIOüS  SECTIONS 

COP.EESPOHDIiTJ  TO   THE  AJTGLE     a. 

Section 
(in.) 

12 

18 

24 

SO 

86 

42 

48 

P 
(deg) 

0 

-1.2 

-2.9 

-4.0 

»4.4 

-3.6 

-3.2 

a =  3 + a. 

a«     <l «x. (leg) 

(l9g)- .- 
.   • 

. I r 
13-in. 18-la. 34-in. 130-in. 33-ln. 42-ln. 48-in. 

-1 -1 -2.2 -3.9 -5.0 -5.4 -4.6 -4.2 

o 0 -1.2 -2.9 -4.0 -4.4 -3.6 -3.2 

2 2 .8 -.9 -2.0 -2.4 -1.6 -1.2 

4 4 2.8 1.1 0 -.4 .4 .8 

6 6 4.3 ... 2.0 1.6 2.4 3.8 

8 8 6.8 5.1 4.0 3.6 4.4 4.8 

10 10 8.8 7.1 6.0 5.6 6.4 6.8 

12 12 10.8 9   1 8.0 7.6 8.4 8.8 

1 

r 
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Curve A, Vr against r/R for an assumed maximum airplane speed of 
400 miles per hour and a propeller speed of 1500 rpm. Curve B, Vr against r/R 
for an assumed cruising speed of 325 miles per hour and a propeller speed of 
1500 rpm. 
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